The advent of hypersonic wind tunnels designed for aerodynamic testing of models in the flight range corresponding to altitudes above 40 miles has introduced the requirement for nozzles that produce flows with negligible axial and radial gradients in the test region when very thick boundary layers exist on the nozzle walls. Because these nozzle flows are strongly responsive to boundary-layer thickness, and boundarylayer thickness is determined by Reynolds number, Mach number, and wall temperature ratio as well as geometric parameters, nozzles that are "contoured" to produce uniform test region flows are necessarily designed for a single operating condition. When 6 « r w , as in conventional wind tunnels producing large Reynolds numbers, the unit Reynolds number may be varied over a wide range, usually by varying reservoir pressure. When 5 «r w , the changes in 6 accompanying changes in reservoir pressure cause negligible off-design perturbations to the inviscid core flow, but when 6 = 0(r w ), off-design conditions with acceptable core flow uniformity are severly limited.
In this report the merits of a particular technique for reducing the thickness of the boundary layer in a nozzle by venting sections of the nozzle to naturally occurring lower pressure "suction" regions are briefly explored. Applicability of the technique for the control of the nozzle exit conditions in a Mach 12 contoured nozzle has been investigated in a wind tunnel wherein the nozzle extends into a tank as shown in Fig. 1 (Appendix I). Static pressures in the upstream portions of the nozzle are greater than the tank pressure (p w > pj.). Thus, by venting the nozzle where p^ > p^., a "naturally available" suction is applied. Mass flux may be controlled by varying either suction area or pressure differential, or both. Even though the mass flux vented still must be passed through the diffuser and pumping system of the wind tunnel, the potential controllability of the nozzle boundary layer is well worth investigation. If the method were to allow even modest variation of reservoir conditions without significant sacrifice of uniformity in the core flow, it would repay the effort. However, if the mass removal cannot be accomplished without introducing flow disturbances in the test section, then it is not an acceptable technique.
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SECTION II APPARATUS
TUNNEL M
The Law Density Hypersonic Wind Tunnel (M), shown photographically in Fig. 2a and schematically in Fig. 2b , is a continuous, archeated tunnel in which nitrogen is normally used as the test gas. Pumping is provided by three stages of air ejectors in series which exhaust into the VKF main compressor system through the VKF Tunnel C test section. This arrangement permits simultaneous operation of these two tunnels, or either can be operated alone. Tunnel M consists basically of the following major components, in streamwise order:
1. Rotating arc-type d-c heater with a power supply rated at 200 kw for continuous operation. Gas is injected into the arc heater in a swirl mode.
2. Clyindrical settling chamber of 3. 8-dm diameter and 7. 6-cm length.
3. For the present study, an axisymmetric, contoured, aerodynamic Mach 12 nozzle. The nozzle wall was perforated as shown in Fig. 3 , and two modes of operation were used: (a) suction, when orifices "A" were open, and (b) no net suction, when orifices "A" were closed.
4. Stationary bulkhead of 2. 4-m diameter, which supports the nozzle, probe drive and support unit, and pressure-measuring system. The bulkhead contains eight 30. 5-cm-diam ports.
5. Clyindrical 2.4-m-diam test chamber which moves downstream to allow access to the test section, models, and probes.
6. Axisymmetric diffuser with convergent entrance, constant area throat, and divergent outlet. Interchangeable units are available for different test configurations.
7. Downstream heat exchanger.
8. First air-ejector stage.
9. Isolation valve.
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HYPERSONIC NOZZLE DESIGN
The method of design for the two axisymmetric contoured nozzles of Tunnel M has been described previously by Potter and Carden(Ref. 1) . These nozzles provide uniform flows of nitrogen at nominal Mach numbers of 12 and 18. An inviscid expansion core of flow is calculated by the method of characteristics, and the displacement boundary-layer thickness distribution calculated by the method of Cohen and Reshotko (Ref. 2) , with correction for transverse curvature, is combined with the expansion core to give the nozzle wall coordinates.
In order to facilitate boundary-layer removal, two porous nozzle sections were fabricated for the Mach 12 nozzle: Section 1 with 1947 3. 18-mm-diam holes and Section 2 with 2493 3. 18-mm-diam holes (Fig. 3) . The suction sections were located in a region of the nozzle from which Mach waves would project downstream through the test section. Perforations existed between stations 14 < x < 26 in. (36 < x < 65 cm).
NOZZLE FLOW CONDITIONS
Nozzle free-stream conditions are determined by continuous measurements of free-stream stagnation pressure, stilling chamber pressure, and tunnel mass-flow rate. The basic assumption of the flow calibration, confirmed a posteriori, is that thermodynamic equilibrium exists in the tunnel stilling chamber and that the gas becomes frozen in its vibrational mode at the nozzle sonic area. Using the measured nozzle discharge coefficient, p 0 , m, and A* and real-gas nitrogen thermodynamic properties, inferred values of T Q are calculated. The gas is assumed to behave as a perfect gas downstream of the throat, and perfect-gas relationships are employed to arrive at free-stream flow properties. Measurements using local and total calorimeters, mass-flux probes, and nozzle wall static pressure measurements have confirmed the validity of the flow calibration procedures. Measured impact pressures are corrected for errors induced by probe viscous effects and the influence of energy flux into the probe orifice common to pressure measurements in lowdensity, hypersonic wind tunnels (Ref. 3).
TUNNEL INSTRUMENTATION AND DATA ACQUISITION SYSTEM
In addition to instrumentation necessary to monitor the arc heater and stilling chamber conditions, the following instrumentation is available in Tunnel M:
AEDC-TR-72-178 1. A low pressure level (3 to 30 mm Hg full scale) primary standard pressure transducer system located within the tunnel test chamber.
2. A thermocouple system using Chromed-Alumel® thermocouples for surface temperature measurements.
Pressure probe location is varied by remotely controlled drive mechanisms and monitored by linear potentiometers.
Data are recorded on the VKF Beckman 210 high-speed analog-todigital data acquisition system, which scans all channels in about 1 sec and records data on paper tape. These raw data are then put into the VKF CDC 1604B computer for data reduction. Data are also plotted online by mechanical plotters for quick analysis.
SECTION III RESULTS AND DISCUSSION
NOZZLE WITH NO MASS REMOVAL
The nozzle was first operated at its design condition, i. e., p 0 ■ 1. 95 x 10° N/m , with no suction. The flow properties for this condition are given in Table I (Appendix II) . Radial impact pressure surveys were taken at distances of 0, 25. 4, and 50. 8 cm upstream of the nozzle exit plane. As shown in Fig. 4 , the uniform core flow region was approximately 8 cm in diameter. An off-design condition, p 0 = 1. 64 x 106 N/m 2 , with no suction was investigated, and the impact pressure surveys are presented in Fig. 5 . Table II gives the flow conditions at the nozzle exit. Both conditions are acceptable for work with long models, inasmuch as the axial length of near-uniform flow is far greater than that required for typical model configurations. The boundary-layer displacement thicknesses, 6*, obviously were computed satisfactorily in view of the Mach number's being near the design value throughout the test section, as indicated by the continuous centerline survey.
It is worthy of note, however, that the boundary-layer total thickness, 6, was found to be greater than computed. This was due in part to the fact that the average nozzle wall temperature, T w , was greater than the value assumed in computing the nozzle boundary-layer thicknesses. Taking, for the hypersonic region of the nozzle, ~T W = (Ti+ T 2 + T 3 )/3 AEDC-TR-72-178 one obtains T w = 390°K for the design condition with no suction. Nozzle wall backside cooling by water existed for x < 15 cm, but no water cooling was applied for x > 15 cm. During the designing of the basic nozzle, it was assumed that T w = 300°K, but the cooling downstream of the suction areas was later omitted for simplicity of fabrication.
On the basis of Refs. 1 and 2, it is estimated that this change of average wall temperature would not affect momentum thickness, 0, appreciably. However, the increased T w in the hypersonic part of the nozzle would cause 0/6 to decrease or 6 to increase by 6 to 7 percent. Similarly, _Ref. 2 predicts a 2-to 3-percent increase of 6*16. Thus, the increased T w above the value assumed during design of the nozzle probably accounts for 6* being slightly greater than computed, i. e., the Mach number's being 11.8 instead of the design value of 12. Momentum thickness was not measured in this experiment, but 6 * is obtainable on the basis of the one-dimensional flow area expansion ratio required to reach the exit Mach number, and 6 is taken from the impact pressure surveys.
In the Cohen and Reshotko method (Ref. 2) , which is the basis for these calculations, one determines 6 as a multiple of the previously calculated 6. The present experimental result gives a ratio of 6*/6 smaller than that computed by the method of Ref. 2. A similar situation is shown in Table I It must be noted that the conditions of these nozzle flows where 6 = 0(r w ) are rather extreme for the application of the method of Ref. 2, and it is not intended to imply that the result expressed above is general. Because both T w /T 0 and (6 exp/r w ) ex it vary in the data of Table III , it is not clear if the apparent error in computing 6 is related to one or both of those factors.
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To minimize expense of fabricating the nozzle for these experiments, the no-suction configuration included the 0. 32-cm holes in the nozzle wall. There was not a separate test of a smooth-walled nozzle; the large orifices "A" in the outer cylindrical shell of the suction manifold simply were sealed to create the no-suction case. Therefore, it must be assumed that some degree of disturbance emanated from the porous section, even at zero net mass flux, owing to the probable recirculation of flow and the rough wall caused by the numerous small holes. This may be the reason for the small-scale nonuniformity of the impact pressure profiles at x = 56. 3 in. seen in Figs. 4 and 5 and could have had an effect on boundary-layer thickness.
NOZZLE WITH MASS REMOVAL
The surveys for full suction, i. e., for both Sections 1 and 2 fully open, are shown in Fig. 6 . For this case, there was no apparent improvement in diameter of the nozzle exit core flow. Figures 7 through 12 depict various combinations of suction with Sections 1 and 2 opened or closed. An off-design nozzle condition also is represented. Table IV summarizes the major quantities pertaining to the suction cases. It is seen that the mass flux withdrawn from the boundary layer varied from zero to a maximum of (0. 0019 + 0. 0012)/0. 071 = 0. 044 = 4. 4 % of the total mass flux for full suction at the design condition. Thus, the test section conditions remained essentially unchanged regardless of the suction rate.
To calculate the mass flux through the perforated areas, it is permissible to use the equation for choked flow. Figure 13 and Table IV show that sonic flow conditions may be assumed in either the small holes in the nozzle wall or the larger orifices "A". Because greater confidence can be placed in a calculation based on orifices "A", the mass flux was computed on the basis of the pressures pi, P2> Pt* the temperature of gas in the plenum chambers of the orifices, and the geometric orifice area. The Reynolds numbers representing the flow are low enough that a discharge coefficient less than unity is applicable. An iterative calculation led to an estimate of c^ = 0. 6, based on Ref. 4, and that value was used in calculating m\ and m2-Basic nozzle calibration includes the measurement of m^, mass flux through the nozzle throat.
Since time did not permit the investigation of other nozzle and suction flow conditions, a full appreciation of the flexibility or other poten-
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tial advantages of the "natural" suction scheme has not been gained. However, the results obtained to this point are not encouraging. As a tentative conclusion, it appears that larger mass removal rates are required if a wider range of acceptable test section conditions is to be made available through the suction technique. The relatively low rates of flow through the perforated nozzle wall in the present case were selected with the hope of minimizing flow disturbances in the main stream, but Figs. 6 through 12 show that such disturbances did exist at stations downstream of the suction regions. Therefore, if much more of the boundary layer were removed, even stronger flow disturbances should be expected unless a better type of removal were devised. Such configurations as a single slot, etc., come to mind, but it is not at all evident that they would cause less disturbance in the core flow. Perhaps the most effective technique for suppressing disturbances while getting greater mass removal rates is extension of the perforated area, reduction of hole diameter, and increase in number of holes. At the limit this would lead to an all-porous nozzle which would be difficult to cool, and the flow resistance of the smaller passages through the nozzle wall would tend to decrease flow rates per unit area for fixed pressures.
The addition of auxiliary pumping to enhance the flow rate removed by suction (e. g., an ejector) is not appealing if it adds to the total mass flux to be pumped by the main tunnel pumping system. Such an addition could be avoided by-diverting the (sucked) secondary and ejector primary flows through a separate exhaust system, but operating costs would be increased. However, auxiliary pumping on the suction areas appears to be one way to obtain the boundary-layer removal rates needed for broader control of nozzle test section conditions. Nevertheless, that alone would not assure a satisfactory result.
Another approach to solving this problem would involve acceptance of some finite flow disturbances in exchange for larger removal rates and an attempt to design so that the stronger disturbances would not enter the test section. It is not immediately obvious that this would lead to an acceptable solution either.
There was only small effect on diffuser performance regardless of amount or mode of mass removal through the porous walls. This does not seem surprising in view of the small mass flux and the low energy of the removed mass. Tank pressure, pti which is more directly important than diffuser efficiency in Tunnel M operation, rose somewhat when suction was applied, as indicated in Table IV . Presumably, this reflects the loss of momentum of the portion of the flow drawn off. In-
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creases in tank pressure are undesirable because the pressure ratio driving the nozzle flow is diminished. If larger mass flux were sucked through the nozzle walls and dumped into the tank, it is possible that pt would rise to unacceptable levels.
SECTION IV CONCLUDING REMARKS
Satisfactory results were obtained in regard to the basic Mach 12, no-suction nozzle designed as a first step in this investigation. It is possible that replacing the perforated sections of the nozzle with smooth walls would effect further improvement, but the nozzle is entirely acceptable in its present condition. The scope of the study of boundarylayer modulation by suction was not broad enough to warrant major conclusions. The attainment of adequate modulation to permit, say, factors of 4 to 8 variation of test section Reynolds number in a given low-density nozzle flow without changes of boundary-layer thickness causing unacceptable nonuniformity in the inviscid core flow is a desirable goal. However, the results obtained in this brief study suggest that such a level of control cannot be attained without extensive effort toward minimizing flow perturbations in the test section, since even the small rate of mass removal and the rather large area over which it was accomplished caused distortions of the central core flow in the Mach 12 nozzle. x, cm 
